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T\$’O-K)IhfENSIONAL BEHAI’1OR OF NfEGAGAllSS-FIEI, D-CONFINEI~
SOLID F]BE~{ z.]JI~cHEs

Irvin R. Lindcmuth
Los Alamos National I.ahoratory, Los Alamos, Ncw hfcxico 87545

ISI’ROI)l’C’I’ION”

Experiments at Los Alarms ~1j, t}]e Naval Research Laboratory /2], Imperial (’ol-

Icgc ~3j, and elsmvhcrc have demonstrated that interesting fusior’ plasmas can I)v cro
atod by discharging modrrn hig}l-voltage pulsed power generators through frozen dt’lI-
tcrium fibers or solid fibprs of othrr materials. Fiber diameters in the Los AlarIIo\
cxperirl)cr~ts arr approximatc]y 30 Iim and currents ar~ M high as 1 MA, lradil]~ 10

nliignoticfieldstr(’ngt}]s in the vicinity of the fiber-formed plas]na whic}l n]iiy CXC(I{I(I

100 \i(; ,

At I,os Alarllos, wc havr pcrformvd ono-dirmnsional and tw~~-(lirI](’r]sior];]l rl)ii~t){l-

tolly(iro~j:;ll:inlic” (Nlll l)) colrlplltatior]s of the formation and cvolutior~ of fitj(’r-for]ll(’(i
p]&!iIlliL~ ollr orl(’-(~irr](}rlsiorla]”Computatiorls ~4\ show t~]tit currcr~t in tht) cxistillg ],(Js
Aliirnos ~nd NaviIl Rrscarc}l Laboratory (NRL) expcrirncnts is carried by hot plii~r]lii

W}iict) has t)evri ilt’lii!(i(l frorIt thr solid fibrr, our tw*clirIlcrlsi(>tl:~l COrllpUtilt iorls ,T}
cxlit)it m () unstahlc I)chiivior ir] ttro hot, exterior plasma prior to IOr])])lvt(’ al)lilti{)ll
of tl)(’ solid fit~(’r; thr TIJ O hc}lavior cnhnncm the fib~’r ablation riit(’.

‘1’hv hflll) n~f)(]c] usrd irl o~]r corrlputatiorls accrsws the l,OS Alan~os SIIISA\ll
I,lllllliit (’(! atorrlir diitii l)il..%~ collll)ut(’r ]iijrary to d~torrnin[’ mat.rri[~l propt:rtios (s]~II-
ci!ic rnrrgy, prmsljrr, iorliziitiorl Ivvt:’1,electrical rcsistivity, tind O])ilCit~). ‘I’lIr hllll~

~,iirtiill (ii fT(’rPllt iill f’{l\lilliollS ,~r~>sol~’c(! rl~lrlwriciilly using tir~ tilt(’rrlilt irlg-(iir(’(lioll ill]
t)licit (Al)]) firlitv (iill’(’rvt]c(’ rlwthod which dot’s not resort to fractiorlal tillw s(t~l):i$
or “o])rriitor split ting. ” T})(’ Cofr]puttit ions usr “cold-start” inittil corltl itions ill iirl
ttttf’lri~)t to corIl~)utv tiIr hchhvior of 1}]4’pinches from t O. ‘1’tlv two-(lir]l[’rl~ior)ill” ct)tlI
l;utat ions I)egirl with a 2X randonl variatior) supcrirnpow+ upon thv cknsity profil(” of
t )Iv sOI!(! rorv to ~Jr(wi(lv pt’rlurhl,t ions for instnhllity growt 11.

!II t)lis pnl)cr, tilt’ tw{)-(!irI]f’llsi/}tlal Conlputatioris art’ furthf’r cxilrllir~(’(14 III t llt’

c(~r?)]~llt~ktir)risrr~)ortw! hero, tw(bdilr(’r(’l)t mini Ior)gths, 1, arv col]sit!vrrd, 1 5 rl]lll
illl[j / :]()() J4r Il, to stll{]~ ]OIIK - Jil)(] St)ort-WiiV(’1(’ll~ttl tlVtlilVi(~r. ‘I’ll!’ loll~-~i~~~’1~’ll}(t II

(’f~rrlljlltiltil)lls stl(~~ t!){’ f[)rrrliiti(~rl tirl{! ov[~lutiorl of })ot :il)otsirl ttlt’ Ilol Col’ollil” s~lr
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rounding the cold, solid core of the plasma channel; subsequently, hots spots for]l]
on the axis of the discharge. The short-wavelength computations exhibit a pcriodif
re-establishment of a quasi- one-d irrwnsiona] configuration.

As discussed in ~5~, the long-wavr]ength (/:-5 mm) computations exhihit n~ O
behavior which inititatt’s in the corona and eventually effects the hig}l-density core. In
the 1=5 mm computations, the shortest wave! dngths which the computational ~](~li

can support are evident and they persist throughout the duration of the computatior]s
The m=O behavior alters the one-dimensional radial den~;ity and temperature profiles
and introduces axial gradients in the density, temperature, and other quantities.

Figures 1 and 2 show temperature and density contours, respectively, in t}le r-z
plane for HDZP-1, the existing Los Alamos experiment (250 kA, 200 ns), at 21 ns, a
time significantly earlier t$an the time of complete fiber ablation (55 ns). Fig. 1 show’s
t)]i\t temperatures higher t}lan 100 c\’ occur in hot spots which arc centered at a rii(lius

of approximately 90 ~rxl, 6 tirr]es the radius of t}lc initial fibt’r. A comparison of I’ig.
2 with Fig, 1 s}~ows that t}ic }lot spots occur at thtl ‘necks” of t}lc nt O instal)iliij
where currer7t is local iz(’tt.

An examination of the 100 ev temperature contour in the computations at tinles
beyond that of Figures 1 and 2 shows that the center of the hot spots moves radial!)’
inward to approximately 60 ~m at 24 ns, then moves radially outward as the }lot spots
incrcasc in radial extent. On occasion, a neck of the instability constricts and s~)lits

tl)(> corresponding hot spot into tw{~spots which move axially apart as the constriction]]
drives radially inv:artt.

As the fiber ablat iorl prorc[v!s. the hot spots w}licb surrourld the co!d cor~’ dis-
ii~jl)(’irr aIId hot plMIIIii is forrl]vd on tllc axis of the disch;irge, lJcca[IstI of tll( T): ()
bcll;ivior, t}lv tempcrat~irc on axis is not uniform and }Iot spots app(’ilr, ‘1’crnpfriitur(

contours” just prior to compl(’tc fit)cr abli,ition arc shown in l~ig. 3. ‘r(?rll~)(’r’!t~]r(’!.

grt atrr than 5 kcf” occur in spots less that] I mrr~ away from very cold matvrial (. 10
vI’) which is thv remnant of the solid fiber,

Lorlg-witvclength (1 -5 mm) computations for the uxisting NR1, expcrinwnt ~2 iir(
qualitiitivcly sirrlilar to t}losc shov;n in Fig~rt’s 1-3, Even thollg}l the NI{l, currcilt iltl[l

(f], dt aro liirgrr thar) for II I) ZI’-I, the fil;(!r diameter (12!j Am) is also largvr, so tliiit

thr 711 0 growtl) tirrws arid fihvr abliition tilnw are correspondingly liirgcr.
Long-wavclcrlg! h corni)ut~itiorls for fll)Xl)-ll, t,hc Los Aliirnos facility pres[IIIt 1!

1)(’(olriil]g ()~)(’rdt iolliil ( 1,2 511\, 1(NJ nsj, ar(’ itlso ~lJiilitiiti VVlj Sirililiir, ilo~{’t(’r, tlit’

c(!r~l~)litiitiorls i)r(’diet tliiit f.11(*fil~(’r will iil)latr in 11 ns or less an(j riot persist for il

sigrlificunl frutt ion of tllc durittiorl of tt)(’ w(p(’rirnrnt, I’r;or to fitwr ablatior), hot s])f)t~
hiivillg it t(’mpvriituro excwdirlg 250 (’t’ begin to appvar at approxirrliit(’ly’ (),~~rlf~ilt ii
30-40” prr] radius (Icss tIliiI) thrw tirrws t.hr initilit fihcr rw!ius),
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Fig. 1. Temperature contours in the r-z plane at 21 ns for HDZP-1 (rf=15 ~~rr],

~~~05 P,). The contour values are (eV): (a) 10: (b) 25; (c) 50; (d)
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Fig. 3. Tcrnpcraturc contours in the r-z plane at 53 ns for HDZP-I (r1=15 PIII,
PJ=0.5 P4). The contour values are (et’): (a) 25; (b) 100; (c) 250; ((l)
500; (e) 1000; (f) 2500; (g) 5000,

the shortest wavelengths which appear in /=300 pm computations saturate and Inllgrr
wavelengths become dominant.

Figures 4 and 5 show density contours from HDZP-11 computations at a iirrw
prior to and just after total fiber ablation, respectively. In Fig. 4, short-wavrlrngth
bt~hii~ior is evident to some cxtcr~t in the high density core of the dischiirg[’, but
a torlgrr wavclcrlgt!l is dorllinarit irl the surrounding corona. Fig. 5 shows th(’ (’s-
tal]lishmont of a 2(M)-~rn-long, nearly cmc-dimensional section at the right-hand sid(’
of the figure (cxut.tlyhorizontal corl(ours would indicatu a prmiscly onc-(lir]lt}llsifjrliil

corlfiguration). Thr quasi-orl~-dinl~lllsional section is sukqucnt]y disrupted I)y r)l 0
c(~r)strictions, after whirh thr dynan]ics sccrn to bc approaching a rc-cstablislltr]t’1~1 of
a orlc-(lill]~’rlsit)nal c(,nfigurat iorl.

our irlitjiil twr)-(lilllrllsif)rial colll~)utations which aro discussrd ]Icr(’ ar)d ill 11(’f,
h silggpst that filji~r-fOrIIi(*dZ-pirlctl($sarc mDI:Ounstablr, ‘i’hc formation of hot s])ots
at thr houndhry of a plasma which is significantly Iargrr than the initial fitwr diiitt](’ -

trr (Figures 1 and 2) is qualitatiw’ly similar to cxpmimcnta] obsmvatiorls at lr]ipvriiil
(;o]iogo [3~. ‘1’ht’dmwloprr)cnt of hot spots OIJ axis (Fig. 3) is qualitativcty ~ill]ililr to
rxporirmrltal obwrvations rrportcd hy Loe Alamos ~1] and N]{ 1. [2], Tho ~stiil~!i~ll-
rr;rht of a i{lliL%i-[)n(l-dirrlrrlsitJr]nl c(mfigur~tion (Fig. 5) may cxplairl wtly Pxpcrir,lf’rll iIl

di~tgrlost ics w])irh havo bcor, irnpknmntmf to datr a;)pcar to indictitr t I](’prvsrllrc of i~

stal~lr plasrlla,
or]ly furt twr (Ix])orirllf’lltikl i(lll aII(\ diagrmstic Awrlol)rrwllt (arl[l, (If t [mrs~l,
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Fig. 4. hf-dcnsity contoum inther-z plane at4nsfor IIDZP-ll (rJ=15 p:]],
p~L.0,5 p,). Thccontourvaluesarc(kg/m3): (F.) 165;(b) 127; (c)W;
‘~) 75; (e) 55; (f) 39; (g) 24; (h) 7; (i) 0.6; (j) 0.2; (k) 0.01. One-half
of the total mazs lies within contour (c) and one-tenth of the masss is
contained within each set ofadjacent contours except (i)-(j) and (j)-(k).
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additional computations and analysis) can determine whether or not the cort]putatio]ls

reported in this paper are qualitatively and quantitatively valid. Should the compu-
tations prow to bc valid, then experiment.ation and computation will need to study
in detail the long-term evolution of unstable behavior. It seems quite possihlc that,
at the high densities and short time scales characteristic of the fiber-formed pinches,
unstable behavior is not necessarily fatal in a fusion context.
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